Abstract: We embedded thin (down to 2 µm diameter) tapered fibres in silica aerogel with low loss. The aerogel is rigid but behaves refractively like air, protecting the tapered fibre without disturbing light propagation along it.
Introduction
Silica aerogel is a nanostructured porous form of silica glass with extremely low density, typically more than 95% air but mechanically like a rigid solid [1, 2] . The pores and connected silica network are structured on a scale of tens of nanometres, so that the aerogel behaves optically like a medium of very low refractive index (typically between 1.01 and 1.05) with some Rayleigh scattering. This "solid air" property makes it interesting in fibre optics, especially since fibre and aerogel are both made from silica glass and so are materially and thermally compatible. For example, embedding a fused coupler in aerogel would have little effect on optical properties like its splitting characteristics, but would provide a thermally-stable epoxy-free all-silica package that may be suitable for harsh environments like space. Other applications include the packaging of thin single tapered fibres for "nanowire" circuits [3] or supercontinuum generation [4, 5] , where surface contamination is a key problem.
There are few reports of the use of aerogel in fibre optics. Tong et al used aerogel as a substrate to support submicron tapered fibres without disturbing light propagation along them [3] , but the fibres were simply laid onto the aerogel not embedded in it. They therefore remained exposed to air and (presumably) were not fixed in place and could become detached. Here we report the formation of silica aerogel around the outside of narrow tapered fibres. This is challenging because we have to embed the tapered fibre while the aerogel is formed. Any significant shrinkage of the aerogel during fabrication may break the tapered fibre or cause the aerogel to crack. Nevertheless after trying various processing parameters and sample holders, we achieved low-loss 10 µm and 2 µm diameter embedded tapered fibres. Fig. 2 . The transmission losses of a 10-µm diameter tapered fibre embedded in aerogel, as measured using an LED source and OSA. The loss at 1310 nm measured more accurately using a laser and photodiode was 0.12 dB.
(cut-off wavelength ~1260 nm) with a waist length of 10 mm and held them taut in open containers. The loss at this stage was less than 0.1 dB. We formed a sol by mixing tetramethyl orthosilicate (TMOS), methanol, water and ammonia with a molar ratio of 1:3:4:0.0028 and filled the containers with it. We quickly placed covers on top to prevent ambient drying. The sol turned to wet gel in a few minutes and was left to age for two days. After opening the covers and exchanging the methanol solvent in the gel with liquid CO 2 by immersion in an autoclave for 6 hours, the samples were supercritically dried along the path shown in Fig. 1 . Supercritical drying removes the CO 2 solvent from the gel without co-existence of its liquid and vapour phases, eliminating the surface-tension forces that would otherwise collapse and densify the silica network in the gel [2] . What's left is the open silica structure of the gel without the solvent; that is, an aerogel, with a tapered fibre embedded in it, Fig. 3 .
The aerogel shrunk by only ~4% during drying and remained monolithic with the intact fibre inside. The aerogel is barely visible against a light background, Fig. 3(a) , and has a faint blue color against a dark background because of Rayleigh scattering, Fig. 3(b) . The refractive index of the aerogel at 633 nm wavelength was 1.048±0.005 as determined by measuring the critical angle within the sample, and its density was 0.24 g/cm 3 . The losses of the tapered fibres in the aerogel, measured by the cut-back method with a 1310 nm laser and a photodiode, were 0.12±0.01 dB and 0.31±0.01 dB for taper waist diameters of 10 µm and 2 µm respectively. This includes the losses due to the initial tapering of the fibres as well as their encapsulation in aerogel. Fig. 2 is the loss spectrum of the 10 µm sample measured (less accurately) with an optical spectrum analyser (OSA) and broadband source. The water peak at ~1380 nm includes contributions introduced from the flame while tapering and from the formation of the aerogel. Red laser light in the fibres, Fig. 3(c) and (d), scattered more strongly from the 2 µm tapered fibre because there is more evanescent field in the aerogel than with the 10 µm tapered fibre. This explains its higher loss since the aerogel absorbs or scatters some of the light. The visual effect is exaggerated by the presence of higher-order modes: the fibre is multimode for visible light.
Conclusion
We successfully embedded narrow tapered fibres in silica aerogel. The measured losses were ~0.1 dB and 0.3 dB for waist diameters of 10 µm and 2 µm respectively.
